Studies on the relationship between obesity and prostate cancer incidence are inconsistent. In part, this inconsistency may be due to a differential effect of obesity on low-grade and high-grade cancer or confounding of the association of obesity with prostate cancer risk by diabetes. We investigated the associations of obesity and diabetes with low-grade and highgrade prostate cancer risk. Data were from 10,258 participants (1,936 prostate cancers) in the Prostate Cancer Prevention Trial who all had cancer presence or absence determined by prostate biopsy. Multiple logistic regression was used to model the risk of total prostate cancer, and polytomous logistic regression was used to model the risk of low-grade and high-grade prostate cancer. Compared with men with body mass index < 25, obese men (body mass index z30) had an 18% [odds ratio (OR), 0.82; 95% confidence interval (95% CI), 0.69-0.98] decreased risk of low-grade prostate cancer (Gleason <7) and a 29% (OR, 1.29; 95% CI, 1.01-1.67) increased risk of high-grade prostate cancer (Gleason z7) or, alternatively, a 78% (OR, 1.78; 95% CI, 1.10-2.87) increased risk defining high-grade cancer as Gleason sum 8 to 10. Diabetes was associated with a 47% (OR, 0.53; 95% CI, 0.34-0.83) reduced risk of low-grade prostate cancer and a 28% (OR, 0.72; 95% CI, 0.55-0.94) reduced risk of high-grade prostate cancer. Associations of obesity or diabetes with cancer risk were not substantially changed by mutually statistical controlling for each other. Obesity increases the risk of high-grade but decreases the risk of low-grade prostate cancer, and this relationship is independent of the lower risk for prostate cancer among men with diabetes. (Cancer Epidemiol Biomarkers Prev
Introduction
Many studies have examined the role of obesity in prostate cancer etiology, but their results have been conflicting and inconclusive (1, 2) . Most studies have found no association between obesity and prostate cancer incidence (1, 3, 4) , although some have reported associations of obesity with a lower risk of total cancer (5) or a higher risk of high-grade or nonlocalized cancer (6) (7) (8) . In contrast to studies of cancer incidence, there is conclusive evidence that obesity is associated with a modest increased risk of prostate cancer mortality (9, 10) . One potential explanation for these conflicting results is that obesity may differentially affect the development of aggressive and nonaggressive prostate cancers (11) . Another potential explanation is that diabetes, which is associated with both obesity and decreased prostate cancer risk, could confound or distort observed associations of obesity with prostate cancer risk (12) . Disentangling the associations among tumor grade, obesity, and diabetes could yield new insights into the role of obesity in the etiology and prevention of prostate cancer.
This study investigates the associations of obesity, including body mass index (BMI) and abdominal obesity, and diabetes with prostate cancer risk, using data from the Prostate Cancer Prevention Trial (PCPT; ref. 13 ). We hypothesize that (a) associations of obesity differ between low-grade and highgrade disease, and that (b) diabetes explains, at least in part, the observed associations of obesity with prostate cancer risk. Data from the PCPT include biopsy-determined presence or absence prostate cancer, uniform pathologic assessment of tumor grade, and standardized measures of weight and body circumferences collected by trained staff. This unique data set allows a comprehensive evaluation of our study hypotheses.
Materials and Methods
Study Design and Study Population. All data for this study were collected as part of the PCPT, a randomized, placebocontrolled trial testing whether the 5a-reductase inhibitor finasteride could reduce the 7-year period prevalence of prostate cancer. Details regarding study design and participant characteristics have been described previously (13) . Briefly, a total of 18,880 men ages z55 years with a normal digital rectal exam and prostate-specific antigen (PSA) level of V3 ng/mL, as well as no history of prostate cancer, severe benign prostate hyperplasia, or clinically significant coexisting conditions, were randomized to receive finasteride (5 mg/d) or placebo. During the PCPT, men underwent digital rectal exam and PSA measures annually, and a prostate biopsy was recommended for participants with an abnormal digital rectal exam or a PSA of z4.0 ng/mL. At the final study visit, all men not previously diagnosed with prostate cancer were offered an end-of-study biopsy. All biopsies were collected under transrectal ultrasonographic guidance and involved a minimum of six specimens (cores). All biopsies were reviewed to confirm the diagnosis of adenocarcinoma by both the pathologist at the local study site and at a central pathology laboratory. Discordant pathology interpretations were arbitrated by a referee pathologist, and concordance was achieved in all cases. Clinical stage was assigned locally. Tumors were graded centrally using the Gleason scoring system. Low-grade prostate cancer was defined as tumors with Gleason sum < 7, whereas high-grade prostate cancer was defined as tumors with Gleason sum z 7. We also examined high-grade cancer defined as Gleason sum 8 to 10 due to the intermediate nature of Gleason sum 7 disease.
Of the 18,880 participants, we first excluded 7,539 (39.9%) men who did not have an end-of-study biopsy, which included 1,393 who died, 6,141 who were medically unable or refused, and 5 who had prostatectomy for reasons other than cancer, leaving 2,400 cases and 8,941 controls. We then excluded 173 cases diagnosed after the trial end date (June 23, 2003) and 90 cases diagnosed z180 days after their planned end-of-study visit, leaving 2,137 cases. We excluded cases diagnosed after the trial end date because we could not know whether or not they used finasteride after participants were unblinded to their treatment assignment. We excluded 99 controls whose end-ofstudy biopsies were completed z180 days before their planned end-of-study visit, leaving 8,842 controls. We included all controls with a negative biopsy completed at any time after their planned end-of-study visit because we assumed that these men would have been negative for cancer at the time of their scheduled visit. From a total 10,979 men, we further excluded 721 men who did not have anthropometric measurements, leaving 10,258 men for these analyses.
Data Collection. Extensive data are available on the demographic, medical, and lifestyle characteristics of PCPT participants. Details regarding age, race, education, family history of prostate cancer in first-degree relatives, and history of smoking were collected at baseline using self-administered questionnaires. For this analysis, race groups were categorized as African American, White, and ''other'', which included primarily Hispanic, Asian, or Pacific Island ancestry. Education status was classified as high school degree or less, some college or college degree, and advanced degree. Cigarette smoking at baseline was classified as current, former, or never. Diagnosis of and treatment for diabetes mellitus was assessed by self-report at the baseline clinic visit, each annual and 6-month clinic visit, and at every 3-and 9-month phone contact between scheduled clinic visits.
Anthropometric measures were collected by trained clinic staff following techniques recommended by Lohman et al. (14) . Height and weight were assessed at the baseline clinic visit, and weight was assessed annually thereafter. Circumferences of the abdomen, waist, hip, and thigh were measured at 1-year after randomization. BMI was calculated as the 1-year postrandomization weight (kg) divided by height (m 2 ). We used BMI as a measure of overall obesity, and waist circumference, waist/hip ratio, and waist/thigh ratio as measures of abdominal (central) obesity.
Statistical Analysis. We contrasted means and distributions of demographic, health-related, and anthropometric variables of cases and controls and tested for statistically significant differences using t tests and m 2 tests. We calculated odds ratios (OR) and 95% confidence intervals (95% CI) for risk of cancer using multiple logistic regression analysis. When cases were divided into low-grade and high-grade prostate cancer, we used polytomous logistic regression to calculate ORs for each case group versus controls (15) . In these analyses, height, weight, waist circumference, and waist/thigh ratio were categorized by quartiles. BMI was categorized as <25, 25 to 26.9, 27 to 29.9, and z30, which approximated quartiles and was consistent with standard clinical definitions of obesity. Waist/hip ratio was categorized into four categories (<0.90, 0.90-0.93, 0.94-0.99, and z1.00) to capture variation in the tails of the distribution that would otherwise be obscured in analyses based on quartiles. Analyses were adjusted for age (<60, 60-64, 65-69, z70), race (White, African America, other), treatment (finasteride and placebo), and family history of prostate cancer in first-degree relatives (yes/no). Controlling for education and cigarette smoking did not affect variable estimates and were therefore not included in final models. We also examined the associations stratified by age (<65 and z65 years) and family history of prostate cancer (yes and no) and tested for potential effect modifications by including interaction terms in the model. Tests for linear trend across categories were done by using an ordinal variable corresponding to rank from lowest to highest category, as described by Breslow and Day (16) .
We considered whether the effects of obesity on prostate cancer risk differed between the two PCPT arms because finasteride treatment did have significant effects on prostate cancer risk. We completed all analyses stratified by treatment arm and evaluated whether the associations in each arm were similar in both magnitude and direction. We also tested for significant multiplicative interactions by adding interaction terms in these models using the likelihood ratio test. Table 1 gives means and distributions of demographic, anthropometric, and health-related variables of cases and controls. Among the total 10,258 men in this analysis, 1,936 (18.9%) were diagnosed with prostate cancer; of these, 95.3% prostate cancers were local stage (T 1 + T 2 ), and 26.9% were high grade. Compared with controls, cases were older, more likely to be African Americans and have a family history of prostate cancer, and less likely to have been diagnosed with diabetes. Table 2 gives associations of diabetes with prostate cancer risk. Men with diabetes had a 34% lower risk of prostate cancer compared with men without diabetes (P < 0.05), and this association was modestly stronger for low-grade compared with high-grade cancer. Further adjustment for BMI did not substantially alter these associations. The adjusted ORs for diabetes were 0.53 (95% CI, 0.34-0.83) for low-grade cancer and 0.72 (95% CI, 0.55-0.94) for high-grade cancer. These results did not differ between the finasteride and placebo study arms (P interaction = 0.54). Table 3 gives associations between anthropometric measures and prostate cancer risk. Height was positively associated with an increased risk of prostate cancer, and these associations were similar for both low-grade and high-grade disease. Compared with men in the lowest quartiles of height, those in the highest quartiles had a 22% increased risk of prostate cancer (P trend = 0.03). All measures of obesity were inversely associated with risk of low-grade cancer, and these associations reached statistical significance for both BMI and waist circumference. Compared with men in the lowest quartiles of BMI and waist circumference, those in the highest quartiles had, respectively, an 18% and 22% reduced risk of low-grade cancer (both P trend < 0.05). All measures of obesity were positively associated with risk of high-grade cancer, and associations reached statistical significance for BMI and weight. Compared with men in the lowest quartiles of BMI and weight, those in the highest quartiles had, respectively, a 29% and 44% increased risk of high-grade cancer (both P trend < 0.05). Associations between these anthropometric measures and cancer risk were similar between two study arms, and all interaction tests were not significant (all P > 0.33). Results (ORs and 95% CIs) when high-grade cancer was restricted to Gleason sum 8 to 10 were 1.05 (0.62-1.76), 1.27 (0.78-2.06), and 1.78 (1.10-2.87) comparing men with BMI < 25 with those with BMI 25 to 26.9, 27 to 29.9, and z30, respectively (P trend = 0.01). We also examined these associations excluding cases with stage T 1a and T 1b , and results did not differ (data not shown). Table 4 gives associations between BMI and prostate cancer risk stratified by age and family history. The associations of BMI with cancer risk were larger in men ages z65 compared with younger men, although interaction tests were not significant (P interaction = 0.19 and 0.80 for low-grade and high-grade cancer, respectively). Compared with older men with BMI < 25, older men with BMI z 30 had a 28% decreased risk for low-grade disease (P trend = 0.03) and a 56% increased risk for high-grade disease (P trend = 0.01). There were no differences in associations of BMI with cancer risk between men with and without a family history of prostate cancer (P interaction = 0.23 and 0.35 for low-grade and high-grade cancer, respectively). These results did not differ substantially with or without controlling for diabetes, nor did they differ between study arms (all P interaction > 0.37).
Results
We completed several analyses to examine whether there were unique contributions of abdominal obesity to prostate cancer risk beyond those described previously in Tables 3 and  4 for BMI alone. These models examined whether each of the three measures of abdominal obesity, waist circumference, waist/hip ratio, and waist/thigh ratio were associated with cancer risk after controlling for BMI (as a continuous variable). After controlling for BMI, all associations of abdominal obesity with cancer risk given in Table 3 were attenuated, and the significant association of waist circumference, comparing the highest to lowest quartiles, with decreased risk of low-grade disease was attenuated to 0.80 (95% CI, 0.62-1.03). There were no significant associations of abdominal obesity with cancer risk in subgroups defined by age or treatment arm. There were, however, significant associations of abdominal obesity with cancer risk in models stratified by family history, which also differed by treatment arm ( Table 5 ). Trends for all measures of abdominal obesity were similar but reached statistical significance and are therefore only reported for waist circumference. Among men with a family history of prostate cancer in the placebo arm, there was a >2-fold increased risk of prostate cancer, comparing the highest to lowest quartiles of waist circumference (P trend = 0.02), and this association was similar for both low-grade and high-grade disease (45% and 31% increased risk per 10 cm, respectively). In the finasteride arm, there were no associations of abdominal obesity with cancer risk among men with a family history of prostate cancer. Among men with no family history of prostate cancer, waist circumference was not associated with risk except for low-grade cancer in the finasteride arm, among whom each additional 10 cm of waist circumference was associated with a 22% decreased risk.
We also examined further the positive association of height with cancer risk given in Table 3 . The association of height with risk remained statistically significant after controlling for BMI. In stratified analyses, there were no associations of height with risk of total, low-grade or high-grade cancer among men with BMI < 25 or z 30. Among men with BMI between 25 and 30, height was significantly associated with increased risk of low-grade cancer (highest versus lowest quartile: OR, 1.41; 95% CI, 1.08-1.83) and weakly but not significantly associated with high-grade cancer (OR, 1.19; 95% CI, 0.79-1.81). 
Discussion
In this study of 10,258 men with biopsy-determined presence or absence of prostate cancer, we found that obesity, defined as BMI z 30, was associated with an 18% decreased risk of lowgrade cancer (Gleason <7) and a 29% increased risk of highgrade cancer (Gleason z7). In analysis restricting high-grade cancer to Gleason sum 8 to 10, obesity was associated with a considerably larger 78% increased risk. Diabetes was associated with a 47% reduced risk of low-grade cancer and a 28% reduced risk of high-grade cancer. There was no unique contribution of abdominal obesity to cancer risk beyond that for BMI, except in subgroups defined by family history of prostate cancer and study treatment arm. Among placebo arm men with a family history of prostate cancer, risk of total cancer (high and low grade combined) increased f4% with each additional cm in waist circumference. In finasteride arm men with no family history of prostate cancer, risk of low-grade cancer decreased f2% for each additional centimeter of waist circumference. Finally, height was positively associated with increased risk of low-grade cancer but only among men with BMI between 25 and 30. The findings presented here support a hypothesis proposed recently by Freedland et al. that obesity differentially affects the development of aggressive and nonaggressive prostate cancer (11) . If this hypothesis is true, then studies of obesity that do not stratify by cancer grade or other measure of disease aggressiveness may detect little or no association of obesity with this cancer's risk. Indeed, of the 23 studies that did not examine cancer separately by grade or stage (1, 4, (17) (18) (19) (20) (21) , only four reported significant positive associations with risk (19, (22) (23) (24) , and one reported significant inverse associations with risk (21) . Three studies have examined a subgroup of ''aggressive'' cancers in addition to total cancer (3, 25, 26) , defining aggressive cancers as high grade, advanced stage, or a combination of these two, and none found obesity significantly associated with total or aggressive disease. Finally, seven studies have reported associations stratified by grade and/or stage (6) (7) (8) (27) (28) (29) (30) . Of the studies that stratified by grade, two found that obesity was significantly associated with increased risk of high-grade cancer and not associated with low-grade cancer (7, 8) , and one found that obesity was associated with decreased risk for both low-grade and high-grade cancer (30) .
Of the studies that stratified by stage, two found an increased risk for regional/distant disease and no association with local disease (6, 27) , and two found no associations with either local or regional/distant disease (28, 29) . Thus, although the literature on obesity and cancer incidence is quite inconsistent, there is growing evidence that obesity may increase the risk of high-grade or regional/distant disease. Nevertheless, the differences in study populations, definitions of obesity, and classifications of aggressive disease make summary interpretation of this literature difficult. Several mechanisms could explain the associations of obesity with prostate cancer risk, but one of the most likely is through steroid hormones. Obesity in men is associated with modestly lower levels of testosterone (31) , substantially lower levels of sex hormone -binding globulin, and higher levels of estrogens (32) . In contrast to the accepted dogma that high testosterone levels increase risk, more recent studies of steroid hormones and prostate cancer risk report that (a) testosterone is associated with reduced risk of high-grade and increased risk of low-grade disease (33) (34) (35) (36) , and (b) that estradiol is associated with decreased risk of ''nonaggressive'' cancer but not aggressive cancer (37) . Thus, taken together, the net effect of obesity-related changes in sex hormone concentrations supports the biological plausibility of our findings.
The associations of abdominal obesity with risk were very complex and, because they differed by treatment arm, are difficult to interpret. These highly stratified analyses could have led to spurious findings; thus, we feel it parsimonious to report our results but interpret only those for the placebo arm, given the effects of finasteride treatment on cancer risk (13) . In the placebo arm, abdominal obesity was associated with increased risk of both low-grade and high-grade cancer only among men with a family history of prostate cancer. Abdominal obesity may contribute uniquely to cancer risk because abdominal obesity is more strongly associated with increased insulin, insulin-like growth factors (IGF), and leptin than BMI alone, and all of these factors may influence prostate growth and carcinogenesis (38, 39) . We know of no similar findings reported for prostate cancer, but the Iowa Women's Health Study reported an analogous finding for women with a family history of breast cancer, among whom those in highest quartile of waist/hip ratio had a 2-fold increased risk of progesterone receptor -negative breast cancer (40) . Genetic factors associated with family history may confer a unique susceptibility to the metabolic abnormalities that are associated with abdominal obesity, which may be shared between women at high risk of breast cancer and men at high risk of prostate cancer. In our study, the association of abdominal obesity with prostate cancer was significant only for waist circumference, perhaps because waist circumference is a more specific measure of the metabolic and hormonal derangements related to abdominal adiposity than is waist/hip ratio (41, 42) . It is plausible that the hormonal changes caused by finasteride treatment could modify effects of abdominal obesity on cancer risk, but this is speculative and cannot be readily addressed in this study. Clearly, these findings on abdominal obesity and prostate cancer risk require replication, and we hope future studies will collect the necessary data to do so.
Diabetes was strongly associated with a decreased risk of prostate cancer, which is consistent with most other studies that have examined this relationship (12) . To our knowledge, however, this is the first study that examined the risk by lowgrade and high-grade disease separately, for which we found a somewhat stronger association for low-grade disease. We also found that effects of diabetes were independent of BMI and abdominal obesity, which was unexpected because of the strong association of obesity with diabetes risk. This finding suggests that the reduced risk associated with diabetes is not simply due to confounding by obesity and further suggests that the mechanisms underlying the association of diabetes with prostate cancer risk may differ from those for obesity. Similar to obesity, diabetes is associated with lower testosterone levels (43) , but unique mechanisms may involve the profoundly altered levels of insulin and bioactivity of IGF-1 in diabetics, both of which have been associated with risk of prostate cancer (44) . The changes in insulin and IGF-1 in diabetics are related to time since diagnosis. Early in diabetes, both insulin and IGF-1 are elevated, but insulin levels ultimately decrease to levels lower than nondiabetic men as a result of damage to pancreatic h cells (45) . Furthermore, lowered insulin levels decrease IGF-1 bioactivity through modulating IGF-binding proteins (46) . Although this suggests that associations of diabetes with cancer risk may differ by time since diabetes diagnosis, this hypothesis would be very difficult to test. Both prostate cancer and type 2 diabetes are chronic conditions, which rarely have an acute clinical onset. Both are underreported; their diagnosis is often serendipitous; and thus, their dates of diagnosis may not reflect the true onset of disease. Nevertheless, even when restricting our analyses to men with diabetes diagnosed after trial baseline and cancer diagnosed due to elevated PSA or abnormal digital rectal exam before the end of the trial, the associations of diabetes with cancer risk did not differ by the interval between first report of diabetes and cancer diagnosis. It is also possible that drugs used to treat diabetes or diabetes complications may decrease cancer risk. For example, metformin may reduce risk of cancer and cancer-related mortality in diabetics (47, 48) , and statins used to treat hypercholesterolemia may also reduce prostate cancer risk (49) . In future studies, we will have the opportunity to examine serum IGF and steroid hormone concentrations, as well as medication use, to better understand our findings of diabetes with reduced cancer risk. We also found a positive association between height and risk of prostate cancer risk but only for low-grade disease among men with BMI between 25 and 30. Many studies have reported increased cancer risk associated with height (19, 26, 50) , but none has reported the association stratified by grade. Several mechanisms could explain the association of height with prostate cancer risk. For example, adult height may reflect genetic or childhood environmental exposures that increase cancer risk (51, 52) . Alternatively, our finding of an association for height among overweight men only suggests that residual confounding may also explain the association. Among men who are trim or obese, variation in height may not reflect a significant variation in hormonal or other factors related to risk, but among men in the relative narrow range of BMI between 25 and 30, height may be a more sensitive measure of these regulatory factors than BMI alone.
This study has several strengths. First, all men were screened for prostate cancer based on both PSA level and digital rectal exam during the trial and were determined by biopsy to have or not have cancer, which minimizes misclassification bias and eliminates detection bias attributable to PSA screening (53) . Second, all tumors were uniformly evaluated for Gleason score, which minimizes the large intraobserver variability in assigning clinical grade. Third, all anthropometric measurements were collected by trained staff, improving the reliability of exposure assessments. This study also has several limitations. The small number of African American and other minority men limits our ability to examine whether these findings differ by race. Almost all cases were local stage; thus, we could not examine factors related to invasiveness and metastasis, but we could examine the effect of obesity on cancer grade independent of stage variation. Diabetes diagnosis was based on self-report and was likely underreported. Finally, the numbers of men in several subgroups (e.g., men with a family history of cancer who were diagnosed with high-grade disease) were relatively small, and there was inadequate statistical power to test for either main effects or interactions.
There are several important clinical implications from this study. First, obesity is associated with an increased risk of high-grade and thus clinically significant prostate cancer. Relatively few men diagnosed with low-grade prostate cancer die of the disease, but about 50% of the men diagnosed with high-grade disease die of prostate cancer within 10 years following diagnosis (54) . Obesity increased the risk of Gleason sum 7 to 10 high-grade cancer by 29% and Gleason sum 8 to 10 cancer by 78%, which may be interpreted as moderate increases in risk. But the very high prevalence of obesity in the United States and the increasing rates of obesity around the world suggest that the population-attributable risk for prostate cancer due to obesity is substantial and will increase. In addition, for men with an already 2-to 4-fold increased risk due to a family history of prostate cancer, abdominal obesity may further increase risk by 2-fold. Reduced risk of prostate cancer should be added to the list of benefits of weight control, and this message may motivate men, especially men with a family history of prostate cancer, to better follow recommendations for healthful diets and increased physical activity.
